The Force Concept Inventory ͑FCI͒ is an important diagnostic instrument which is widely used in the field of physics education research. It is therefore very important to evaluate and monitor its functioning using different tools for statistical analysis. One of such tools is the stochastic Rasch model, which enables construction of linear measures for persons and items from raw test scores and which can provide important insight in the structure and functioning of the test ͑how item difficulties are distributed within the test, how well the items fit the model, and how well the items work together to define the underlying construct͒. The data for the Rasch analysis come from the large-scale research conducted in 2006-07, which investigated Croatian high school students' conceptual understanding of mechanics on a representative sample of 1676 students ͑age 17-18 years͒. The instrument used in research was the FCI. The average FCI score for the whole sample was found to be ͑27.7Ϯ 0.4͒%, indicating that most of the students were still non-Newtonians at the end of high school, despite the fact that physics is a compulsory subject in Croatian schools. The large set of obtained data was analyzed with the Rasch measurement computer software WINSTEPS 3.66. Since the FCI is routinely used as pretest and post-test on two very different types of population ͑non-Newtonian and predominantly Newtonian͒, an additional predominantly Newtonian sample ͑N = 141, average FCI score of 64.5%͒ of first year students enrolled in introductory physics course at University of Zagreb was also analyzed. The Rasch model based analysis suggests that the FCI has succeeded in defining a sufficiently unidimensional construct for each population. The analysis of fit of data to the model found no grossly misfitting items which would degrade measurement. Some items with larger misfit and items with significantly different difficulties in the two samples of students do require further examination. The analysis revealed some problems with item distribution in the FCI and suggested that the FCI may function differently in non-Newtonian and predominantly Newtonian population. Some possible improvements of the test are suggested.
I. INTRODUCTION
The Force Concept Inventory ͑FCI͒ ͓1͔ is a well known and widely used conceptual test in mechanics. It was constructed on the basis of the findings of physics education research on student alternative ideas in mechanics and it is used to diagnose the prevalence of those ideas in different groups of students. This resulted in a wide use of the test, first in the USA ͑e.g., Refs. ͓2,3͔͒ and then also in many other countries ͑e.g., Ref. ͓4͔͒ throughout the world. The FCI is a multiple choice test of 30 questions that investigates student conceptual understanding of the Newtonian force concept with minimal use of mathematics. This test has a large impact on many physics teachers throughout the world since it demonstrated very clearly that students hold nonNewtonian ideas about force and motion both before and after instruction on Newtonian mechanics. The advantage of the test is that it can be easily administered to large samples of students, thus making its results even more shocking and significant. Over time the FCI has acquired a status of a standardized instrument for measurement of student conceptual understanding of mechanics. High FCI score is considered a strong, although not perfect, indicator of Newtonian thinking in students ͑not perfect since Newtonian physics requires more than just the ability to recognize one Newtonian among four non-Newtonian answers͒. However, low FCI score undoubtedly indicates poor conceptual understanding of mechanics. The FCI authors have suggested that the score of 60% can be considered a threshold for the development of Newtonian thinking ͓1,3͔. Below that threshold student understanding of Newtonian concepts is insufficient for effective problem solving and such students have difficulties following physics courses at university level ͓3͔.
Since the FCI was first published it has been used in many physics courses throughout the world as a standard instrument for the assessment of student conceptual understanding of basic mechanics. Students were typically tested before and after instruction ͑pretesting and post-testing͒. Hake found in his large-scale study ͓2͔ that the average FCI student gains in a physics course could be correlated with the type of instruction implemented in the course. He defined normalized gain as g = ͑x post − x pre ͒ / ͑100− x pre ͒, where x pre and x post are pretest and post-test class averages in percent. Hake found that the highest gains were associated with interactive engagement courses, while all traditional courses achieved g Ͻ 0.3. This implied that the FCI could also be used as a measure of instruction efficacy in promoting conceptual understanding of mechanics.
The FCI has proven to be an important instrument in physics education research and served as the model for the development of conceptual tests in other physics domains. Student FCI scores are frequently used as measures of student conceptual understanding of mechanics. However, it is important to realize that the meaning of those scores depends strongly on the structure and functioning of the test, which should therefore be investigated in great detail. Structure of *Corresponding author; maja@phy.hr the test refers to the distribution of items according to their difficulties. How test functions can be evaluated through the analysis of item fit to the model and analysis of how well the items work together to define the underlying construct. Since FCI is typically used on non-Newtonian and predominantly Newtonian populations of students its functioning should also be evaluated on these two kinds of populations. Some of the existing research on the FCI touches on those issues ͓5-13͔, but it does not give the complete picture of the FCI as a measurement instrument.
The Force Concept Inventory was constructed as an improved version of the mechanics diagnostics test for which classical test validity and reliability had been established ͓5͔. Most items in the FCI were at least slightly changed over the years, several questions were completely removed, and several were added. The latest version of the test ͑which was also used in this study͒ is available on the web ͓6͔. There were attempts to analyze the FCI with the factor analysis ͓7͔, in which no significant factors were identified. This finding provoked a debate in the physics education research ͑PER͒ community about what the FCI really measures ͓3,8͔. One study investigated the influence of context on FCI items ͓9͔ and found that influence is not sufficient to affect normal use of the FCI as a diagnostic instrument. Another study investigated the quality of distracters in three FCI items ͑4, 9, and 11͒ using item response theory ͓10͔. Item 4 was found to be inefficient, item 9 of medium efficiency, and item 11 efficient in discriminating students by their ability. In another study the scores on the FCI were compared with the scores on the force and motion conceptual evaluation ͓11͔. The study found generally positive correlation between student scores on the two tests and also pointed to some discrepancies between them. Other studies found positive correlation between FCI gains and Scholastic Aptitude Test scores ͓12͔ as well as positive correlation between FCI gains and scores on Lawson's classroom test of scientific reasoning ͓13͔.
Since the FCI is undoubtedly one of the most widely used assessment instruments in physics education research it would be important to evaluate and monitor its functioning using various tools for test analysis. One of such tools is the stochastic Rasch model ͓14͔, which can provide important insight in the structure and functioning of tests.
For some years the physics education group at University of Zagreb has been conducting the FCI pretesting of the first year students at Faculty of Science. It was found that many of the students entering general physics courses still predominantly used non-Newtonian ideas in mechanics despite previous six years of physics instruction at school. This provided the motivation for a large-scale study which was undertaken by our group in 2006-07 ͓15͔. In order to estimate the average level of conceptual understanding of mechanics in the population of Croatian students at the end of gymnasium ͑a type of Croatian high school which prepares students for universities͒, a representative sample of students was tested with the FCI. This has provided a large amount of data ͑N = 1676͒ that was later analyzed with the Rasch model.
Additionally, a group of 141 first year students from the Faculty of Electrical Engineering and Computing at University of Zagreb, Croatia was also tested next year with the FCI. Their results are also included in this study.
The school system in Croatia consists of eight years of elementary school followed by four years of high school. After high school students can continue their education at different universities and colleges. There are several types of high schools in Croatia, but in this study we have focused on one type called gymnasium. Gymnasium graduates typically continue their education at university level. Gymnasiums can be of the general education type or they can specialize either in foreign or classical languages or in natural sciences and mathematics.
Physics is taught from the seventh grade of elementary school ͑age 12-13 years͒ until the fourth year of gymnasium ͑age 17-18 years͒ as a separate and compulsory school subject. In the seventh and eighth grade of elementary school students have two 45-min physics lessons per week. In gymnasium the number of physics lessons per week depends on the type of school. In the general education ͑GE͒ type schools and those which specialize in foreign or classical languages ͑FL or CL͒ students have two 45-min physics lessons per week throughout four years of schooling. In schools which specialize in natural sciences and mathematics ͑NSM͒ students have three 45-min physics lessons per week throughout four years of schooling. Mechanics is taught during the whole first year ͑age 14-15 years͒ in all types of schools.
II. DATA COLLECTION AND ANALYSIS
The population of students in the last ͑fourth͒ year of gymnasium had 12 366 students in 2006-07. Most of them ͑84.5%͒ were in the GE and FL or CL schools and only 15.5% were in the NSM schools. The sample of students in the study included 1676 students or 13.6% of the population. In the sample there were 429 students ͑25.6%͒ from the NSM and 1247 students ͑74.4%͒ from the GE and FL or CL schools. The sample represented proportionally different regions of the country. The number of participating schools was 54 which make 36% of all gymnasia in the country. Participating schools were chosen randomly from the list of all existing schools in a particular region. The principals of chosen schools were contacted, informed about the research, and asked for the permission to test their students. Almost all principals allowed the testing of their students. On the date of the testing that was agreed upon with the principal, one of the researchers would come to the school, supervise the testing, and collect the tests and answer sheets.
Students were tested in the period from October 2006 until February 2007, without any special preparation for the test. The latest improved version of the FCI available at the web at the time of the testing ͓6͔ was used. The test was carefully translated in Croatian.
The testing was anonymous, but each student was assigned a code so that they would later be able to identify their test scores. Students had to mark their answers on a special answer sheet. The allocated time for taking the test was 45 min. Participating schools were later informed about students' test scores and were asked to pass that information on to their students. No incentives, such as grades, were offered to students for taking the test. However, the purpose of the research and the importance of the test have been explained to them before the testing by the researcher present at the testing. Students generally showed interest in the test and wanted to know their score on it.
All students studied mechanics in the first year of gymnasium ͑age 14-15 years͒ and the testing was done in the fourth year, with the gap of 2.5 years between the instruction and the FCI testing. The gap between instruction on mechanics and testing is large, but during that time the students have been learning other physics topics which relied on Newtonian concepts. These concepts therefore should have been in use by students over the years since they studied mechanics and student understanding of those concepts should even have been refined through their application in other contexts.
A group of 141 first year students enrolled in introductory physics course at the Faculty of Electrical Engineering and Computing at University of Zagreb, Croatia was also tested in 2008 in the same way as gymnasium students. The students were tested after the instruction on mechanics.
After the classical analysis based on percentages of correct answers, both sets of data ͑gymnasium students and university students͒ were also analyzed using WINSTEPS 3.66 software ͓16͔ for Rasch analysis. Rasch analysis is a type of logistic regression analysis which can also be performed with generalized linear models and software which is based on those models ͓17͔.
III. RESULTS

A. Classical analysis
Distribution of scores for the whole sample of gymnasium students is shown in Fig. 1 . The statistical information ͑arith-metic mean, median, standard deviation , and standard error of the mean / ͱ N for each distribution͒ for all groups of students is listed in Table I . Figure 1 suggests that at the end of gymnasium students are still mostly non-Newtonians, as measured by the FCI standard. The average FCI score of the whole sample, as well as the scores of the two sample subgroups, is well below the threshold of 60%. We have found 4.7% of students in the sample with scores above 60%.
As expected, the scores of the students in the NSM schools are better than in the GE and FL or CL schools. Students who score above 60% come almost exclusively from the NSM schools.
Distribution of scores for university students is shown in Fig. 2 . It is evident that, contrary to gymnasium students, this TABLE I. Statistical information for all groups of students ͑NSM stands for gymnasiums which specialize in natural sciences and mathematics, GE for gymnasiums of general education type, and FL or CL for gymnasiums which specialize in foreign or classical languages͒.
N
Arithmetic mean ͑%͒
Median ͑%͒ group of university students, with the average score of 64.5%, is predominantly Newtonian, with about two thirds of the students at or above the Newtonian threshold of 60%.
Standard deviation ͑%͒
B. Rasch analysis for the gymnasium sample
The Rasch model ͓14͔ is a mathematical model developed by the Danish mathematician Georg Rasch around 1960 in an effort to bring the measurement in social sciences closer to the standards of measurement in physics. As a means of test analysis, Rasch measurement parallels physical measurement processes by being largely concerned with the construction of linear measures along specific unidimensional constructs. The important characteristic of the Rasch model is that it allows users to create an interval scale of scores for both the item and person measures.
The first requirement is that the variable to be measured with a test ͑e.g., understanding of the Newtonian force concept͒ is specified and described by a set of well chosen test items. The model assumes that the test is unidimensional, meaning that each item probes only the measured variable and not something else. The unidimensionality requirement is, of course, only an approximation since completely unidimensional test is almost impossible to construct but it can be realized well enough for practical purposes. The location of a person along the measured variable is described by a measure called person ability, which gives the information about the intensity of the measured variable that the person possesses. Each item in the test should require different intensities of the variable in question. Items are described by another measure called item difficulty. A good test should contain items of various difficulties, more or less equally spaced along the whole range of abilities of the targeting sample.
What happens when a person of ability B n meets an item of difficulty D i is determined by a probabilistic relation between the two measures. The probability P ni of a correct answer of person n to item i ͑the Rasch model for dichotomous items͒ is given as ͓18,19͔
The probability of the correct answer is governed by the difference B n − D i . If person ability equals item difficulty ͑B n = D i ͒ the probability of the correct answer is 0.5. If person ability greatly exceeds item difficulty ͑B n ӷ D i ͒ the probability goes to 1 and in the opposite case ͑B n Ӷ D i ͒ the probability becomes 0.
Item difficulties and person abilities are calculated from raw test scores for items ͑from the number of correct answers to an item͒ and persons ͑from the number of correct answers given by a person͒. The construction of measures, which is performed by WINSTEPS or other Rasch model software, starts from the estimation of person ability B n and item difficulty D i . The first step in estimating B n is the conversion of the raw score fraction of correct answers ͑p͒ into log odds ln͓p / ͑1− p͔͒ ͑odds being success-to-failure ratio͒. To estimate item difficulty D i the same procedure is applied to the fraction of students who answered the item correctly. The model defines the unit of measurement called logit ͑log odds unit͒ in which both the item difficulties and person abilities are measured. The obtained estimated measures are expressed on the logit scale with the average item measure arbitrarily set at 0. The estimates are then corrected for effects of variance and iterated against each other until they meet a preset convergence criterion and give a set of internally consistent item and person parameters. For more detailed information about the Rasch model see, for example, Refs. ͓18,19͔.
The measures are linear, which is another very important characteristic of the Rasch model. For example, a person with the ability of 3 logit has three times more ability than a person with the ability of 1 logit. This is obviously very different from scores expressed as percentages, where it is impossible to say that a person who scores 30% on a test has three times more ability than a person who scores 10% on the same test. Percentages can reflect the correct ranking of persons or items but not the correct intervals between their abilities or difficulties. Therefore, percentages are not linear in the variable which they represent ͓18,19͔. The linearity of measures, on the other hand, is very important because meaningful arithmetic operations can only be performed with linear measures, thus enabling comparisons and statistical studies.
Each item and person measure comes with its Rasch standard error which indicates the uncertainty of the estimate. The estimates are more precise if the number of persons and items is large and if there is good targeting of the test on the distribution of students. Items and persons on the edges of their distributions will typically have larger uncertainties than central items and persons.
When item and person calibrations are obtained they are placed on a vertical ruler ͑Fig. 3͒ that measures person ability and item difficulty on the same logit scale. On the righthand side of the ruler are the FCI items sorted by difficulty, with the most difficult items on the top and the easiest items on the bottom of the plot. On the left-hand side of the ruler are persons, sorted by their abilities ͑success on the FCI͒, with the most successful students on the top. It is obvious from Fig. 3 that the test was very difficult for the students since the distributions of item difficulties and of person abilities are significantly shifted with respect to each other. The mean item difficulty is 1.26 logit above the mean person ability. Ideally, the test should be centered on the target population. This plot also immediately shows the ordering of items according to their difficulty. Items with negative calibrations are easier, and those with positive calibrations are more difficult than the item average whose difficulty is set at zero. The spacing between items is also very important. Items should not be too close in difficulty because otherwise one item is not distinctly separate from the next. But the separation between individual items should also not be too large to avoid large gaps between the items.
Inspection of Fig. 3 reveals that the width of the test is about 4 logit, whereas the width of the person distribution is almost 8 logit. About two thirds of the items are in the region between −1 logit and +1 logit, but only approximately one third of all persons can be found in this range. Many items in the middle of the test are of very similar difficulty, but there are fewer items in the very easy and the very hard regions of the test. For this sample of students there are enough hard items but there are not enough easy items.
Once the abilities and difficulties are estimated, WINSTEPS calculates the theoretical probabilities for the success of each person on each item and compares them with the observed scores. The differences between the two are called residuals, and they are used to evaluate the fit of data to the model ͓19͔. Rasch analysis programs usually report fit statistics as two chi-square ratios: infit and outfit mean square statistics. Outfit is based on the conventional averaged sum of squared standardized residuals, whereas infit is an informationweighted sum which gives more value to on-target observation. Large infit value on a particular item indicates that some persons of the ability which is close to the difficulty of the item have not responded in the way consistent with the model. Large outfit value of an item indicates that persons who are far in ability from the difficulty of the item have responded in an unexpected way. For example, large outfit of an easy item means that some able students have unexpectedly failed on this item. Large outfit of a hard item means that some students of low ability have unexpectedly succeeded on that item. Large infit values are generally considered more problematic than large outfit values. In this study observed outfit values are larger than infit values, so only outfit analyses are presented.
The expected value of both infit and outfit is 1. Items which are sufficiently in accordance with the Rasch model to FIG. 3 . Item-person map for gymnasium students. The left-hand side shows distribution of student abilities and the right-hand side shows the distribution of item difficulties. Items are labeled as Q1-Q30. M, S, and T are labels for the mean value, one standard deviation, and two standard deviations of each distribution. Each # represents 16 students and each * less than 16 students. be productive for measurement will have infit and outfit values between 0.5 and 1.5 ͓20͔. Items with significant infit or outfit ͑1.2-1.5͒ should however be inspected more closely to find out reasons for their misfit. When the data fit well they indicate that the subscale items all contribute to a single underlying construct, but largely misfitting items do not contribute to the underlying construct, either because they are badly formulated or because they measure something different than the rest of the items.
To inspect closer the structure of the test a bubble chart ͓19͔ of items is presented in Fig. 4 . Each item is represented with a circle, whose size is proportional to the Rasch standard error of item's calibration. Smaller circles represent items with smaller uncertainty of calibration. It is useful to think of items in a bubble chart as "stepping stones" ͓19͔ which define the direction of the underlying variable. In a well constructed test circles on the bubble chart are clearly separated but not with very large gaps. The horizontal distance of circles from the expected outfit value of 1 indicates how well each item fits to the model. Ideally, items should be close to the central axis of the bubble chart.
Inspection of Fig. 4 reveals that some circles overlap, and many are very close in difficulty, thus making the ordering of the items unclear. It is also noticeable that the circles become larger for harder items on the top of the diagram because these calibrations were estimated from a smaller number of responses.
Items which are far away from the expected value of 1 are either items located at the left ends of bubble chart ͑items 10 and 28͒, which show more regular answer pattern than predicted by the model, or items located at the right end of the chart ͑items 5, 11, 13, and 18͒, which show too unpredictable answer pattern. In deterministic models one expects a very regular pattern of answers: student should succeed on all items of difficulties below their ability and fail on all those which are above their ability. Being a stochastic model, the Rasch model expects a certain level of irregularity in the data. Too much regularity in students' answer pattern to an item can be a sign of dependency or redundancy in the item. However, items with too unpredictable answer patterns are usually considered as much bigger threat for the validity of measurement than too deterministic items. Since items 5, 11, 13, and 18 are all hard items whose moderately large outfit ͑less than 1.3͒ is probably caused by lucky guesses of some low ability students this is not a sign of a serious problem for the measurement.
The concept of unidimensionality is very important for the Rasch model. All items are expected to work together and define a single underlying construct. The content of the items can be considered the empirical definition of this construct ͓20͔. With the help of item point-measure correlations ͑Table II͒ it can be checked if the construct is present in the test. The point-measure correlation of an item is the correlation between the Rasch person ability measures and persons' responses to the item ͓20͔. WINSTEPS computes these correlations as Pearson product-moment correlation coefficients ͓20͔. We want all items to point in the same direction; therefore their correlations should all be positive. The size of correlations can indicate which items contribute more to the construct and which contribute less. Table II shows that the FCI defines an underlying construct on the gymnasium sample-all correlations are positive, although generally not very large ͑due to poor targeting of the test on the sample͒. Figure 4 shows that there are no grossly misfitting items.
The scale that perfectly fits the Rasch model is unidimensional, has adequate separation, has items that are not calibrated too far apart, and has individual items that all contribute to the underlying construct. For the FCI on the gymnasium sample it can be concluded that the unidimensionality requirement has been realized sufficiently well and that all items work together, but several problems are noticeable: poor targeting of the test on the population, too small separation of items in the middle of the test, too small width of the test, and the lack of easy items.
C. Rasch analysis for the university sample
The FCI is usually used as pretest and post-test in introductory physics courses. The pretest population is in most cases predominantly non-Newtonian with low average scores on the FCI. The gymnasium sample in this study is an example of such population. However, after the instruction, the post-test population is expected to become predominantly Newtonian if the instruction is efficient in promoting conceptual understanding. It is therefore important to see how the FCI functions on both kinds of populations ͑non-Newtonian and predominantly Newtonian͒. To check the functioning of the FCI on the predominantly Newtonian sample of students we have performed Rasch analysis of the FCI post-test scores of 141 first year university students who scored an average of 64.5% on the test.
The functioning of the test on this population can be analyzed starting again from the item-person map ͑Fig. 5͒. The test is relatively easy for this population, with the mean ability of the sample being 0.93 logit above the mean difficulty of the items in the test. Table III shows that all correlations are again positive, but this time larger than in the case of the non-Newtonian population, due to the better targeting of the test on the sample. The distribution of student abilities is about 6 logit wide in this sample, while the distribution of item difficulties is about 3.5 logit wide. Here the lack of hard items is quite apparent, while most of the items are found in the middle of the test. How items contribute to the measurement of the underlying construct can be judged from Fig. 6 which shows the outfit bubble chart for the university sample. We can see from Fig. 6 that items 7, 18 , and 29 have the largest outfits, while items 18 and 29 in addition also have significant infits ͑Table III͒. In item 18 a boy is shown swinging on a rope, moving toward equilibrium position. Students have to decide which combination of the four suggested forces ͑a downward force of gravity, a force exerted by the rope pointing toward the center of rotation, a force in the direction of the boy's motion, and a force pointing away from the center of rotation͒ acts on the boy. All wrong answers include the force in the direction of motion. The significant infit value of item 18 implies that some students of high ability, which means students who are predominantly Newtonians, have unexpectedly failed on this item and included in their answers the force in the direction of the boy's motion. That is surprising because other FCI items in which students typically express similar alternative ideas, such as items 13, 17, and 30, have too small infit and outfit, meaning that they are even too regular in discriminating between the students of low and high abilities. So why do some Newtonians fail on item 18? A possible reason could be that good students notice thatunlike in items 13, 17, and 30-in item 18 there is actually a force in the direction of motion, a component of the gravitational force. This might be a source of confusion for some students. Item 18 should be further investigated and maybe reformulated.
In item 29 students are asked which combination of the three suggested forces ͑a downward force of gravity, an upward force exerted by the floor, and the net downward force of the air͒ acts on the chair at rest. It seems that the net downward force of the air was confusing for students. Some otherwise successful students unexpectedly failed on this item because they have included this force in their answers. However, this item really does not test student understanding of Newton's laws but rather their understanding of the effects of atmospheric pressure on the bodies in air. It seems that this item does not test the same variable as the rest of the items. Although item 29 does not degrade measurement, the FCI would probably be a more coherent instrument if this item was excluded from the test.
Another problematic item is item 7. Item 7 basically tests the same thing as item 6 ͑student understanding of kinematics of circular motion͒, asking students to predict the trajectory of the object in circular motion after restraints which enable circular motion are removed ͑ball exits from the horizontal frictionless circular channel in item 6 or stone on a string moving horizontally in a circular path flies off after the string breaks in item 7͒. One would expect similar results on both questions, however item 7 is 1.03 logit more difficult than item 6. The relatively large outfit value of item 7 was caused by a number of otherwise successful students who have failed on this item but usually succeeded on item 6. It is possible that in item 7 students were confused because they knew that the trajectory of the stone after the string breaks will not be a straight but a curved line. Some students asked researchers during the testing what the figure in item 7 represented. There are indications that the situation described in item 7, as well as its distracters, was not clear to all students.
From comparisons of item positions in Figs. 3 and 5 and item measures from Tables II and III it is noticeable that several items ͑items 6-8, 10, 14, 17, 21, 26 , and 28͒ significantly change their difficulty ͑by more than three standard errors͒ from non-Newtonian to Newtonian sample, therefore making the item difficulty order different in the two analyses. Since clearly distinguishable item difficulty levels are at least three standard errors apart ͓19͔, items which change their position by more than three standard errors should be care- FIG. 5 . Item-person map for the university students. The lefthand side shows the distribution of student abilities and the righthand side shows the distribution of item difficulties. Items are labeled as Q1-Q30. M, S, and T are labels for the mean value, one standard deviation, and two standard deviations of each distribution. Each "x" represents one student. fully examined. Of those items special attention deserve items 6-8 which show the largest displacements from pretest to post-test and which become significantly more difficult ͑relative to other items͒ on post-test compared to pretest.
This analysis suggests that the FCI may function differently on non-Newtonian and predominantly Newtonian populations. There seems to be a difference in the FCI construct in these two populations ͑item order does not remain the same͒. This could be an issue for the use of the FCI as pretest and post-test, but it should be further investigated on other student samples.
IV. CONCLUSIONS
The aim of the large-scale research undertaken in Croatia was to estimate the level of conceptual understanding of mechanics in the population of Croatian students in the final year of gymnasium. It can be concluded that the large part of the Croatian gymnasium students are still non-Newtonians when they finish high school and enter universities.
Similar problems are found in other countries as well ͑e.g., US-A ͓2,3͔ or Germany ͓4͔͒. It appears that it is not easy to achieve high FCI scores, especially in general student population. Even though we have not attempted in our study to establish a link between the type of instruction and the FCI scores, we have come across anecdotal evidence that where interactive teaching methods are used scores are higher than the average, but to confirm that link further research would be required.
The Rasch model based analysis of the FCI provided some important insights in the structure and functioning of the test on two different kinds of populations: nonNewtonian and predominantly Newtonian. Generally it can be concluded that the test has succeeded in defining a sufficiently unidimensional construct for each population. The items in the test all work together and there are no grossly The possible change in construct is not so surprising since the two populations may be quite different in their way of thinking about mechanics. Some issues which are very difficult for non-Newtonians can become quite easy for Newtonians ͑e.g., the idea that motion with constant velocity requires no net force͒. Some other issues may be hard for both groups. For measurement purposes we want the test construct to remain the same, but in practice we will often find that the construct has changed between two testing occasions, especially after some intervention has happened, such as the instruction on the topic of the test. Items that change their position in the test exhibit the so-called differential item functioning ͑DIF͒, which is quite common in the testing practice. It does not necessarily mean that the test is useless for measurement. We can determine student scores on pretest and post-test using only those items which are stable or we can construct the common scale from pretest and post-test data and measure students according to that scale on both occasions. On the other hand, the change in the construct can be informative of instruction efficiency in different areas measured by the test and of item quality ͑some items can exhibit DIF because they are poorly written or biased͒.
The width of the test is not sufficient to cover the whole range of abilities of both populations. There are too many very closely spaced items in the middle of the test and not enough items at the extremes of the test. This could be remedied by removing some of the items from the middle of the test and adding new items at the extremes. A possible solution could also be the construction of two different tests, one for pretest and another for posttest, which could be linked by a certain number of common items to enable the comparison of student scores on both tests. The Rasch model could provide linear measures of student abilities on both tests on the same scale, and the difference in ability measures on pretest and posttest could be used as the direct measure of student gain. Hake's normalized gain ͓2͔, which is generally used as the measure of student progress in the course, may also be influenced by the nonlinearity of raw scores expressed as percentages.
The Force Concept Inventory is an important instrument which has contributed very much to the development of physics education research and to the change of physics teaching practice throughout the world. It is a measurement instrument in physics education research, and as such it has to be calibrated, inspected, and carefully monitored, just like measurement instruments in physics. The Rasch model can be used as a powerful tool for monitoring and improving the functioning of the FCI, as well as of other diagnostic tests used in PER.
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